Defective and insufficient calibrated detector elements introduce ring or half-circle artifacts in microtomographic image reconstructions. A computationally efficient numerical filter is presented which suppresses these defects by taking advantage of the particular appearance of ring artifacts in the Fourier transforms of the recorded sinograms. The performance of the filter is demonstrated on experimental data taken with high-energy synchrotron radiation in phase-contrast ͑outline͒ mode.
I. INTRODUCTION
Microcomputed tomography ͑micro-CT͒ is a nondestructive technique for three-dimensional imaging from projection data, with spatial resolution in the micron range. It has found an increasing number of applications in the last two decades, from medical research to material science, mainly due to developments in high-resolution detectors and high-intensity x-ray sources, especially x-ray synchrotron sources. [1] [2] [3] In many micro-CT experiments, a sample is rotated in a stationary parallel or fan beam. All rays for one projection are recorded simultaneously with a high-resolution area detector, e.g., an x-ray sensitive CCD camera. The schematic setup for microtomography with synchrotron radiation as performed here is seen in Fig. 1 .
A single detector element records, for every projection angle, the intensity of one particular ray at one particular position in the beam. In the reconstructed tomograms, therefore all information on a half-circle around the center is given by one detector element. Calibration is usually performed by recording the dark-field intensity I d and whitefield intensity I w for each detector element, i.e., by recording the dark current of the detector and the reference projection without sample. The calibrated intensity I c () for a recorded projection I 0 () is then given by
A defective or badly calibrated detector element will give rise to ring artifacts in the reconstructed image. 4 If the data are only taken over 180°, artifacts as described here will be seen as half-circle rather than ring artifacts. However, for readability we will use the term ring artifact for both cases. Defective detector elements ͑e.g., dead pixels in a CCD͒ with nonlinear responses to incoming intensity will appear in the reconstructions as sharp rings with a width of one pixel. Miscalibration, on the other hand, is mostly due to beam instability in position or intensity on a time scale larger than the exposure time for one projection. Miscalibrated detector elements give rise to wider and less strongly modulated ring artifacts in the reconstruction. They can be reduced, although in general not avoided, by increasing the number of whitefield images taken during the tomographic scan.
II. REMOVAL OF RING ARTIFACTS
Avoiding artifacts as described above is very difficult from the experimental point of view, because the number of defective pixel elements in a detector depends uniquely upon each detector as does the beam stability for a given synchrotron source. We propose to suppress ring artifacts by processing the recorded data numerically prior to the tomographic reconstruction. The projection data recorded for tomographic reconstruction of a single slice is given by 5 
p͑,t ͒ϭϪln
where is the projection angle, and t is the distance in the detector plane from the projected rotation axis. The reconstruction problem is to obtain the object function f (x,y) from the set of projection measurements p(,t). The complete set of projection data p(,t) over N projections with M rays per projection can be represented in a sinogram, 5 a two-dimensional array of dimension M ϫN. Each row in a sinogram delineates the data for one projection. The columns depict the information recorded by a particular detector element for every projection. A defective detector element will corrupt a single column in the sinogram. Miscalibration will lead to broader structures in the vertical direction. In the discrete Fourier transform of the sinogram
these vertical line defects will appear as high intensities along the horizontal line vϭ0. Defective pixels produce spikes at high horizontal frequencies u, whereas miscalibration is seen over a wider range of horizontal frequencies.
Rejecting these frequencies with a horizontal notch filter removes the defects efficiently from the sinograms and suppresses ring artifacts in the reconstructed tomograms. The filter is implemented numerically via a onedimensional Butterworth low-pass filter. Its transfer function is given by 
͑4͒
Although computationally more intensive, the Butterworth filter is preferable in comparison with a sharp cutoff filter, because of the tendency of the latter to exhibit ringing due to the wide undulation of the sin(x)/x function in real space. 7 The horizontal cutoff frequency u 0 and the filter order n have to be adjusted to the type and number of defects in the experimental data. If the detector calibration is adequate and only a correction for defective pixel elements is sought, u 0 can be chosen close to the Nyquist frequency 1/2⌬x, where ⌬x is the pixel spacing of the detector. Defects due to imperfect calibration are addressed in addition by lowering the cutoff frequency and the filter order. Further improvement in removing ring artifacts can be reached by filtering not only the zero horizontal frequency, but also vertical frequencies v below a low threshold v 0 .
III. RESULTS
To demonstrate the efficiency of the suggested filter in microtomographic applications, 400 projections of a crane fly's knee were taken, covering 180°, for tomographic reconstruction. The sample was illuminated with highly coherent 25 keV x rays from a bending magnet at the optics beamline D5 at the ESRF. The projections were recorded in outline phase-contrast mode 8,9 on a high resolution, CCD-based xray camera. 10 This detector consists of a 14-bit slow-scan CCD camera with an effective pixel size of 1.2 m, 11 optically coupled to a transparent fluorescence screen for conversion of the incoming x rays to optical light. The images were recorded at a distance of 12.5 cm from the object, and calibrated to the dark current of the CCD and to white-field images, which were taken after every 20 projections. Figure 2 shows the original sinogram for one slice through the crane fly's knee. A number of defective pixels are discernible by their appearance as sharp vertical lines. There is also an underlying vertical structure due to beam instability. The sinogram was Fourier transformed by a standard fast Fourier transformation ͑FFT͒ algorithm, and then filtered by multiplication with the transform function ͑4͒, where nϭ4, u 0 ϭ8/N⌬x, and v 0 ϭ1/M ⌬x. The resulting filtered sinogram, after Fourier transformation, is shown in Fig.  2͑b͒ . The cross sections were reconstructed from the sinograms with a standard filtered back-projection algorithm, 5 and are shown in Fig. 3 . Figure 3͑a͒ shows the reconstruction of the original sinogram. Figure 3͑b͒ shows the reconstructed cross section, obtained from the filtered sinogram. Ring artifacts in Fig. 3͑a͒ from defective pixels are removed, and wider rings caused by miscalibration are strongly suppressed, without losing significant information in the recon- struction, and especially without sacrificing the spatial resolution of the tomogram.
IV. DISCUSSION
The experimental result shows the efficient elimination of ring or half-circle artifacts in microtomograms with almost negligible loss in information, which is made possible by the very narrow appearance of these artifacts in the Fourier transform of the sinograms. In the case above, for 512 rays recorded per projection, and filtering the three lowest vertical frequencies, less than 0.5% of all spatial frequencies are subject to the filtering process. The amount of filtering is controlled by three free parameters: the filter order n, and the cutoff frequencies u 0 and v 0 .
The computational cost of filtering the sinograms can be reduced to a small number of multiplications if the filter is integrated into the existing tomography reconstruction packages. In many reconstruction algorithms the first step is to perform a two-dimensional Fourier transform of the sinogram, just as it is for the filtered back-projection algorithm. Removal of ring artifacts then simply requires an additional multiplication of a small number of lines of the transformed sinogram with the filter ͑4͒, prior to further processing in the tomography algorithm.
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